Lighting Up Genes in Single Cells at Scale  by Liu, Zhe
each other during loop extrusion, the anti-
parallel orientations of the CTCF proteins
disfavor dimerization, and loop extrusion
would continue until a convergent
site was met (Figure 1B). In addition,
the directionality imposed by this DNA
bending-initiated loop extrusion model
results in a CTCF site interacting more
frequently with the DNA on one side of
it, explaining why divergent CTCF sites
interact very infrequently (Guo et al.,
2015; Rao et al., 2014). This would also
explain the finding that TAD boundaries,
i.e., the generally ‘‘non-looped’’ stretch
of DNA between two TADs, are enriched
in CTCF sites arranged in divergent orien-
tations (Vietri Rudan et al., 2015; Guo
et al., 2015), since these border-associ-
ated divergent sites will tend to loop to-
ward the interior of each adjacent TAD.
This finding helps explain why only a sub-
set of CTCF sites in the genome is able to
form these boundaries and reinforcesthe functional relevance of CTCF to the
formation of TADs. Finally, the loop extru-
sion model also imposes directionality
on the interactions between CTCF and
transcriptional complexes and/or gene
promoters (Phillips-Cremins et al., 2013).
The plethora of genome-probing tools
that are constantly emerging should
allow rigorous experimental testing of
this model, stimulated by the results of
Guo et al. (2015) and others in the near
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In this issue, Shachar et al. report a high-throughput imaging position mapping platform (HIPmap)
enabling large-scale, high-resolution localization of 3D gene positions in single cells. Coupling loss-
of-function screenswith HIPmap, the authors identify DNA replication rather thanmitosis as amajor
determinant of genome positioning.Deciphering how the genome is structur-
ally organized and dynamically functions
in the nucleus (4D nucleome) represents
a remarkable challenge in the post-
genome era (Bickmore, 2013; Dekker
et al., 2013; Levine et al., 2014; Mis-
teli, 2007). Two orthogonal approaches
are commonly used to study genome
folding—chromatin conformation capture
(3C) and microscopy techniques such
as fluorescence in situ hybridization
(FISH) (Bickmore, 2013; Dekker et al.,
2013). Combined with the recent devel-
opments of high-throughput sequencing,
3C-based methods provide insightsinto long-distance chromatin looping,
genome folding, and topological domains
in the context of whole genomes (Dekker
et al., 2013). However, due to the nature
of cell-population-based measurements,
it is still challenging to interrelate 3C-
derived genomic interactions with spatial
distances inside the nucleus (Belmont,
2014; Williamson et al., 2014). Micro-
scopy-based techniques directly mea-
sure physical distances but are usually
applied to a few loci at a time and thus
suffer from scalability and throughput lim-
itations. Here, Shachar et al. (2015) report
a high-throughput DNA FISH platform—high-throughput imaging position map-
ping platform (HIPmap)—with a fully auto-
mated liquid-handling FISH protocol,
automated 3D confocal imaging, and
a custom-designed analysis pipeline.
Streamlined DNA FISH experiments can
be performed in the 384-well format, al-
lowing quantitative determination of the
position of multiple endogenous loci in
single cells with high accuracy and
speed. In conjunction with large-scale
perturbation screens, this platform should
be suitable for single-cell analysis and
systematic investigation of 3D spatial
genome organization (Figure 1A).2, August 13, 2015 ª2015 Elsevier Inc. 705
Figure 1. High-Throughput DNA FISH Platform as a General Pipeline to Study Spatial Genome Organization
(A) A fully automated experimental, imaging, and data analysis platform allows DNA FISH to be performed on a large scale. Coupled with RNAi screens, HIPmap
identifies diverse pathways involved in gene positioning relative to nuclear periphery and center.
(B) The relationship between cell cycle, transcription, and genome positioning. Distinct from transcription re-activation after mitosis, DNA replication drives
genome positioning.
(C) High-throughput DNA FISH strategy is poised to makemajor contributions to correlating 3Cmeasured interactionmapswith 3D physical space in single cells.
Temporal dynamics and functional consequences of genome organization can be dissected by rapidly advancing live-cell imaging techniques (Liu et al., 2015).
Credit for Hi-C interaction map (Dekker et al., 2013).Genome Positioning, DNA
Replication, and Transcription
It has long been observed that particular
chromosomes and genes populate
preferred sub-nuclear positions in rela-
tionship to structural landmarks such as
the nuclear periphery and center (Bick-
more, 2013). This observed gene posi-
tioning is cell-type specific and is
hypothesized to be influenced by spatial
sequestration of regulatory factors whose
genome positioning regulates gene activ-
ities (Bickmore, 2013). However, to date,
the molecular machinery underlying
genome positioning and its maintenance
mechanisms during cell cycle remain
elusive. Just like transcriptional pro-
grams, genome positioning needs to be
re-established after each mitotic division.
A growing number ofmitotic bookmarking
factors have been reported to be impor-
tant for transcription re-activation after
mitosis (Kadauke and Blobel, 2013)
(Figure 1B). Likewise, one might specu-706 Cell 162, August 13, 2015 ª2015 Elsevielate that mitosis/early G1 could be a
crucial period for genome positioning.
Unexpectedly, in this issue of Cell, Sha-
char et al. (2015) find that DNA replication
rather than mitosis drives the establish-
ment of genome positioning relative to
the nuclear periphery and center. These
findings support an intertwined relation-
ship between genome organization, DNA
replication, and transcription (Figure 1A).
It remains unclear how genome posi-
tioning established during replication is
preserved throughout mitosis. Clues
are possibly hidden in other candidate
pathways (chromatin remodelers, histone
modifiers, nuclear envelope proteins, etc.)
identified in the screens (Figure 1A).
Linking 3C Measured Interactions
to Physical Space in Single Cells
Although genome-wide intra- and inter-
chromosome interaction maps have
been generated at high resolution by 3C-
based techniques, emerging evidencer Inc.suggests that proximity ligation fre-
quency-based distances measured by
3C may be limited in its capacity to accu-
rately capture 3D molecular proximity
(Belmont, 2014; Williamson et al., 2014).
Specifically, it has been proposed that
3C-derived interaction frequencies are
likely influenced by multiple parameters
such as physical distances between loci
in each cells, chemical basis of the inter-
action (crosslinking efficiencies), tempo-
ral interaction dynamics (kon / koff), sample
heterogeneity, local nuclear environment,
and chromatin composition (Belmont,
2014; Williamson et al., 2014). On the
other hand, myriad studies have reported
that genomic interactions detected by
3C-based high-throughput methods
functionally participate in diverse molecu-
lar regulations in the nucleus (de Wit and
de Laat, 2012). Thus, the ability to map
physical distances between genomic re-
gions in single cells on a large scale holds
promise for correlating 3C measured
interaction maps with 3D spatial genome
organization models (Figure 1C).
Mapping Temporal Dynamics
A combination of 3C-based genomic
methods and FISH techniques could offer
critical insights into static ‘‘snapshots’’ of
genome organization. However, these
powerful high-throughput techniques will
not be able to provide detailed information
about the kinetics and dynamics of the 3D
genomeas it operates in living cells (Figure
1C). Moreover, fixation procedures in
these methods might introduce artifacts
and distortions, potentially obscuring
certain short-lived genome architectural
features. Recent advances in fluores-
cence microscopy and protein labeling
chemistry have advanced the possibility
of visualizing and tracking in real time,
individual transcription factors, and 3D
enhancer organization in the nucleus ofliving mammalian cells (Liu et al., 2015).
However, it is important to note that
these live-cell-based techniques at pre-
sent provide little specific genome
sequence information. Hopefully, with the
further development of genome editing,
live-cell mRNA/locus labeling, and super-
resolution fluorescence microscopy
techniques, it will be possible to perform
multicolor imaging experiments and thus
monitor geneposition, geneexpression ki-
netics and genome organization at the
same time in single live cells. It is likely
that both live and fixed-cell techniques
described above may need to be com-
bined to obtain an unbiased yet compre-
hensive view of the 4D nucleome in action.ACKNOWLEDGMENTS
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